Although the European Alps are one of the most investigated regions worldwide, maps depicting climate change by means of climate classification are still not-existent. To contribute to this topic, a time series of very high resolution (30 arc-seconds) maps of the well-known Köppen-Geiger climate classification is presented. The maps cover the greater Alpine region located within the geographical domain of 4 to 19 degrees longitude and 43 to 49 degrees latitude. Gridded monthly data were selected to compile climate maps within this region. Observations for the period 1800-2010 were taken from the historical instrumental climatological surface time series of the greater Alpine region, HISTALP. Projected climate data for the period 2011-2100 were taken, as an example, from the Rossby Centre regional atmospheric model RCA4. Temperature fields were spatially disaggregated by applying the observed seasonal cycle of the environmental lapse rate. The main results of this study are, therefore, 366 observed and predicted (two scenarios) very high resolution Köppen-Geiger climate maps of the greater Alpine region covering the period 1800-2100. Digital data, as well as animated maps, showing the shift of the climate zones are provided on the following website http://koeppen-geiger.vu-wien.ac.at. Furthermore, the relationship between the Köppen-Geiger climate classification and the altitudinal belts of the Alps is demonstrated by calculating the boundaries of the climate zones, i.e. the deciduous forest line, the mixed forest line, the forest and tree line (timber line) and the snow line. The mean altitude of the potential timber line in the greater Alpine region, for example, was calculated to be 1730 m by the end of the 19th century, 1880 m by the end of the 20th century and to lie between 2120 and 2820 m by the end of the 21st century. The latter altitudes were projected for the greenhouse gas scenarios RCP 2.6 (best case) and RCP 8.5 (worst case). The altitude of the timber line (and the other boundaries of the altitudinal belts) is generally higher in the Western Alps, showing a clear west-east slope.
Introduction
The European Alps are one of the most investigated regions worldwide with respect to climate, climate change and the impacts of climate change. Examples of this includes a report of precipitation climatology presented by Frei and Schär (1998) and mapped by Schwarb et al. (2000) , temperature trends investigated by Böhm et al. (2001) and the recent modelling study of Haslinger et al. (2016) which addressed future drought probabilities. Of general interest is the alpine vegetation which is particularly sensitive to the effects of climate change (Grabherr et al., 1994; Theurillat and Guisan, 2001) . Spatio-temporal analysis of altitudinal vegetation shifts, for example, was investigated by Diaz-Varela et al. (2007) , while Gottfried et al. (2011) demonstrated the coincidence of the alpine-nival ecotone with the summer snow line. The winter snow line varies considerably under the influence of European temperature fluctuations (Hantel and Hirtl-Wielke, 2007) , is located at an average altitude of 640 m and is characterized by an upward shift of approximately 120 m per°C climate warming .
Independent of these specific examinations, the scientific community requires a simple method to describe the climate or climate change of a specified region. For this purpose, the Köppen-Geiger climate classification in particular has proved successful. The generic climate classification initially developed by Wladimir Köppen (1846 Köppen ( -1940 and Rudolf Geiger (1894 -1981 was presented in its most popular version by Köppen (1936) and has today been established as a multidisciplinary standard to characterize the climate of a region (Rubel and Kottek, 2011) . Applications of the Köppen-Geiger climate classification include investigations on: (1) the subdivision of study sites according to climates such as for micrometeorological flux measurements (Mizoguchi et al., 2009) or for global river discharge (Santini and di Paola, 2015) , (2) the extraction of climate zones to assess vegetation coverage and biomass of temperate deserts (Zhang et al., 2016a) or the definition of the Mediterranean region to review post-wildfire soil erosion (Shakesby, 2011) , (3) the effect on human thermal comfort by urban street configurations (Rodríguez Algeciras et al., 2016) , (4) the effect of particulate air pollution on human mortality in the USA (Zanobetti and Schwartz, 2009) , (5) the composition of disease vectors in Europe (Brugger and Rubel, 2013) , (6) the habitat characterization of new species in South America (Bellini and Zeppelini, 2008) , and numerous other studies.
While historical world maps of Köppen-Geiger climate classification were exclusively available as hand drawn maps, e.g. in its latest version from Geiger (1961) , early digital world maps were compiled to verify global climate models (Manabe and Holloway, 1975) and to depict the observed shift of climate zones (Fraedrich et al., 2001 ). The first digital dataset covering the observational period 1951-2000 was published by Kottek et al. (2006) . This dataset is publicly available via the website http://koeppen-geiger.vu-wien.ac. at/ and paved the way for easy access to climate classification in various research fields. Four years later Rubel and Kottek (2010) published a time series of Köppen-Geiger maps depicting the shift of climate zones over the 200-year period 1901-2100. These maps were calculated from monthly temperature fields provided by the Climatic Research Unit (CRU) of the University of East Anglia (Mitchell and Jones, 2005) and precipitation fields provided by the Global Precipitation Climatology Centre (Becker et al., 2013; Schneider et al., 2014) as well as from an ensemble of global climate model predictions. Recently, various authors published similar Köppen-Geiger maps based on model outputs calculated for the Climate Model Intercomparison Project (CMIP) and the Paleo Model Intercomparison Project (PMIP). CMIP maps were presented and discussed, for example, by Feng et al. (2014) , PMIP maps by Yoo and Rohli (2016) and Zhang et al. (2016b) , while Willmes et al. (2016) developed an open source software to calculate Köppen-Geiger maps from the databases of both projects.
Global climate classifications have also been applied to continental and regional scales, thereby generating valuable information in particular for life sciences. Köppen-Geiger maps, for example, have been published for Australia (Crosbie et al., 2012) , Brazil (Alvares et al., 2013) , South Africa (Engelbrecht and Engelbrecht, 2014) and China (Chan et al., 2016) .
Here, the concept of climate classification is applied to the greater Alpine region to depict the shift of climate zones during the 301-year period 1800-2100. Special emphasis is placed on the spatial resolution of the digital maps which were not only provided as pictures but also as digital data. The latter were urgently required for many scientific applications. At present, researchers may use either digital data available with a spatial resolution of 0.5 degrees or less as provided by the studies discussed above or can calculate their own Köppen-Geiger maps from very high resolution temperature and precipitation fields provided by Hijmans et al. (2005) . The latter data are representative for the period 1950-2000 and are provided with a spatial resolution of 30 (30 arc-seconds). The goal of this paper is to use the well-documented HISTALP database (Auer et al., 2007) , as well as model predictions from EURO-CORDEX , both spatially disaggregated, to compile a series of Köppen-Geiger maps. These maps have the same spatial resolution of 30 than those of Hijmans et al. (2005) , but have been calculated as a 25-year running mean from homogenized time series covering the period 1800-2010 and state-ofthe-art regional climate model predictions for the years 2011-2100.
Data and method
The greater Alpine region is defined as being located between 4°and 19°geographic longitude and 43°to 49°geographic latitude. Three gridded climate datasets were selected to calculate very high resolution Köppen-Geiger climate maps within this region. The first dataset, the historical instrumental climatological surface time series of the greater Alpine region, HISTALP (Auer et al., 2007) , comprised temperature fields for the period 1780-2008 and precipitation fields for the period 1800-2010 (http://www.zamg.ac.at/histalp/). For this study, the temperature fields were extended until 2010 with the aim of achieving the joint observational period 1800-2010. Monthly HISTALP temperature fields (Böhm et al., 2001; Chimani et al., 2013) and precipitation fields (Efthymiadis et al., 2006; Chimani et al., 2011) were available on a grid equidistant in geographic latitude and longitude with a spatial resolution of 5 (around 6.5 km · 9.3 km 60 km 2 ). The second dataset, monthly precipitation analyses from Isotta et al. (2014 Isotta et al. ( , 2015 based on 5,500 daily rain gauge observations, is used as a reference for the high spatial variability of Alpine precipitation. These precipitation fields cover the major part of the greater Alpine region and were nested into the HISTALP precipitation fields for the reference period 1986-2010. From the latter observed and projected precipitation anomalies were calculated and used as input data for the Köppen-Geiger maps. This procedure considers the high spatial reliability of the reference fields from Isotta et al. (2014) by eliminating the spatial bias of the HISTALP precipitation fields, which were analysed from 557 homogenised time series.
The third dataset was taken from the EURO-COR-DEX ensemble . It includes a variety of climate predictions from different global and regional climate model combinations, which were run for the predefined greenhouse gas emission scenarios. As the main focus of this research lies on the observed shift of climate zones, only the two most extreme greenhouse gas concentrations for the representative concentration pathways, RCP 2.6 and RCP 8.5 (Meinshausen et al., 2011) , of a single regional climate model were selected to depict the range of possible future climates. The Rossby Centre regional atmospheric model RCA4 (Samuelsson et al., 2011; Strandberg et al., 2014 ) with boundary conditions from the ECEarth model was selected to represent climate projections. These projections cover the period 1971-2100, from which monthly temperature and precipitation fields for the period 2011-2100 were used to complement the HISTALP observations. The RCA4 data, provided with a spatial resolution of 0.11°, were interpolated to the HISTALP grid and adjusted to the observations by calculating anomalies from the 25-year reference period 1986-2010 to eliminate model bias. Thus, the final 301-year time series of temperature and precipitation fields comprised 211 years of monthly observations and 90 years of monthly predictions (the latter for two greenhouse gas emission scenarios).
To avoid undesirable short term fluctuations of the Köppen-Geiger climate classes (Rubel and Kottek, 2010) , the classifications were not calculated directly from the 301-year time series (with two different scenarios for the projection), but were applied to the 25-year running mean. This procedure was also applied for the spatial disaggregation (downscaling), in other words to increase the spatial resolution from 5 to 0.5 = 30 by a factor of ten. The grid areas obtained cover 0.6 km 2 , resolve Alpine valleys and fulfil even the requirements of challenging biological applications. The environmental lapse rate was used for the spatial disaggregation of the mean monthly temperature fields. It was calculated from data published by Rolland (2003) , who presented lapse rates from 4 sites in the Austrian and Italian Alps (Table 1 ). The seasonal cycle of these lapse rates depicts a typical maximal temperature decrease of 0.65°C/100 m during the summer months (June, July, August) and minimum values of 0.46°C/100 m during the winter months (January, December). The monthly lapse rates were implemented using the 30 altitude data Table 1) , it is not possible to specify a general precipitation-altitude relationship for the entire region of the European Alps. However, as precipitation plays no -or merely a secondary -role in the Köppen-Geiger climate classification of the altitudinal belts of the Alps (see discussion below), a 5 % precipitation increase per 100 m altitude increase was implemented. This estimate follows the precipitation-altitude relationship for low altitudes presented by Frei and Schär (1998) . The calculation of the Köppen-Geiger climate classification was described in detail by Kottek et al. (2006) . On the global scale, 31 climate classes identified by a 3 letter code were defined by Köppen (1936) . A total of 11 of these climate classes appear within the model domain of the greater Alpine region and are explained in Table 2 . These comprise two arid climates (denoted by the first letter B), five warm temperate climates (C), two boreal climates (D) and the two alpine climates (E). The boreal climate is a synonym for the historically introduced term snow climate and, in a global context, the alpine climates are called polar climates. Additional climates on the global scale comprise the equatorial climates denoted by A and further subdivisions of the arid climate B, the warm temperate climate C and the boreal climate D (Kottek et al., 2006) .
The two arid climate classes BSk and BSh characterize arid steppes, which are expected to appear in inner Alpine valleys of a future warmer climate. Moreover, this steppisation is restricted to areas of limited geographical extent and only displayed by the very high resolution of the maps. Much more important are the five warm temperate climates, which cover the main part of the greater Alpine region. Within these climates, a distinction is drawn between the occurrence and absence of a dry season, as well as between cool, warm and hot summers. The Cfb climate (no dry season, warm summers) is the prevailing climate in the north of the Alpine divide. The Cfc climate with cool summers is located in the montane belt of the Alps, whereas the three remaining warm temperate climates were observed south of the Alps. The Cfa climate characterizes a temperate climate with hot summers and no dry season, while the summer dry climates Csa and Csb are sometimes grouped together and are commonly called Mediterranean climate (Shakesby, 2011) . The moist boreal climates of the Alps were exclusively classified according to their temperature regime into Dfb (warm summer) and Dfc (cool summer and cold winter). Note that Köppen (1936) developed this classification according to the tree species predominant in different regions under natural conditions. The region of the Cfb climate was predominantly covered with deciduous forest, of which beech were the main tree species. Oak were the predominant species of the Dfb climates and spruce of the Dfc climate. However, over recent decades, beeches and oaks have been replaced by high performance industrial spruce forest. Due to climate change, the economic success of these industrial spruce forests is now in question. Therefore, today's Cfb climate should be interpreted rather as optimal climate for deciduous forest, the Dfb climate as mixed forest climate and the Dfc climate as coniferous forest climate. The timber line separates the cool boreal climate (Dfc) from the alpine tundra climate (ET), where tree growth is no longer possible. The 10°C isotherm of the warmest month was defined as a criterion. Note that on the scale considered here it is not possible to distinguish between the forest and the tree line. Altitudes above the alpine tundra were covered by the alpine frost (EF) climate. This is located above the 0°C isotherm, which is an approximation of the snow line.
Thus it becomes immediately evident that the temperature is the essential parameter to classify the Alpine climate according to Köppen (1936) . Precipitation plays a minor role. In the present climate, precipitation is used exclusively to define the BSh and BSk climates of dry mountain valleys and to determine the boundary of the Mediterranean climates, i.e. the summer dry climates Csa and Csb. The latter cover coastal regions from sea level up to a height of some 100 meters. The disaggregation of the precipitation fields by applying a precipitation-altitude relationships shows therefore only a minor effect which, however, reflects the general experience. Alternatively, it might be replaced by a simple 2-dimensional spline interpolation.
Results
The main results of this study are 366 observed and predicted (two scenarios) very high resolution Köppen-Geiger climate maps for the greater Alpine region covering the period 1800-2100. Both the digital maps, as well as the underlying digital data, are publicly available for further investigations on the website http:// koeppen-geiger.vu-wien.ac.at. Fig. 1 depicts two of these maps, one for the 25-year observational period 1876-1900 and one for the more recent observational period 1976-2000. While the years 1876-1900 belong to the coldest years of the entire observational period, the years 1976-2000 illustrate the effect of the recent warming trend. Clearly visible is the strong decline of the boreal climates, which are optimal for coniferous and mixed forests. In the 19 th century, the boreal climates Dfb and Dfc covered large areas north of the Alps as well as the Balkans, while they have been pushed back to higher altitudes during recent years. This reduction of the boreal climates becomes more evident when looking at climate projections for the period 2076-2100 (Fig. 2) . For both greenhouse gas concentration scenarios, the Dfb climate, i.e. the boreal climate with warm summers, has almost completely disappeared. In contrast, the warm temperate Cfc climate, which was still rare in the 19 th century, becomes the typical climate in the montane belt of the Alps. The two greenhouse gas concentration scenarios used result in widely different maps. While the RCP 2.6, hereinafter referred to as, the best case scenario, assumes that the warming trend will not continue during the second half of the 21 st century, the RCP 8.5, hereinafter referred to as, the worst case scenario, assumes that the recent trend of increasing temperatures will continue until the year 2100. The projections of the climate zones of both scenarios are far removed from what was observed during the last 200 years. The alpine climates ET and EF will be, in particular, will be forced into small areas in the projection (best case scenario) or will disappear almost entirely (worst case scenario). Assuming the worst case scenario, areas recently classed as the Cfb climate (warm summers) will be covered by the Cfa climate (hot summers) in 2076-2100.
Another way to demonstrate climate change by Köppen-Geiger maps is to observe the boundaries. The most prominent boundary is the mountain timber line. It is not simply a line, but a transition zone between the forest line and the tree line. Note that numerous definitions of the two lines have been given in a variety of studies. Moreover, on a local scale, there are often significant differences between the potential and the current forest and tree lines (Szerencsits, 2012) . By means of the Köppen-Geiger climate maps, it is possible to estimate the potential timber line for the entire region of the European Alps. The timber line divides the Dfc climate, naturally covered by coniferous forests, from the alpine tundra climate ET and is exclusively defined by temperature, more precisely by the 10°C isotherm of the warmest month. As discussed already by Köppen (1919 Köppen ( , 1920 and confimed by recent research (Jobbágy and Jackson, 2000) , the 10°C July isotherm is an admissible approximation for the potential timber line in ex- tratropical regions. Note that the 10°C isotherm of the warmest month, instead of the historically investigated July isotherm, is used as a criterion for the Köppen-Geiger climate classification. The mean timber lines for the greater Alpine region are estimated at altitudes of 1730 m (period 1876-1900), 1880 m (1976-2000) , 2120 m (2076-2100, best case scenario) and 2820 m (2076-2100, worst case scenario).
Further boundaries between the Köppen-Geiger climate classes include the snow line (boundary between the alpine tundra ET and the alpine frost EF climate), the mixed forest line (boundary between Dfc and Dfb/Cfc) and the deciduous forest line (boundary between Dfb/Cfc and Cfb). They are related to the altitudinal belts of the Alps. Fig. 3 shows a scheme of these altitudinal belts together with the mean altitudes of the boundaries and the well-known classification according to Ellenberg (Ellenberg and Leuschner, 2010) . The latter approximately match the Köppen-Geiger classification of the current climate, although they are defined quite differently. This classification is commonly used in geography, botany, ecology and related sciences. It classifies the altitudinal belts into colline, montane, subalpine, alpine and nival belts. Note that the Ellenberg classification is helpful to understand the relationship between the altitudinal belts and the Köppen-Geiger maps, but does not match the latter for the 19 th century, where the boreal Dfb climate covered large areas of the lowlands north of the Alps. The Ellenberg classification also does not concur very well with the Köppen-Geiger maps projected for the 21 st century.
A closer look at the observed time series (Fig. 4 ) shows altitudinal fluctuations of the timber line of approximately more than 100 m within the last 210 years. Minima of 1733 m (period 1809-1833), 1695 m (period 1907-1931) and 1752 m (period 1954-1978) alternate with maxima of 1842 m (period 1852-1876), 1812 m (period 1935-1959) and 1949 m (period 1986-2010) . The RCA4 projections, however, do not depict these cyclic fluctuations of around 100 m altitudinal shift per 50 years. They predict a relatively constant warming trend resulting in extraordinarily high altitudes of the timber line. The best case scenario, for example, depicts a maximum altitude of the timber line of 2154 m (period 2044-2068) and, for the worst case scenario, the maximum altitude is projected to reach 2820 m (period 2076-2100). However, it is outside the scope of this study to investigate or discuss whether or not these projections are realistic in view of the fact that observations depict more cyclic trends. The projected Köppen-Geiger maps and the related altitudinal belts of the Alps should be considered as possible realisations of the future provided by the climate modelling community. In contrast, the observed altitudinal belts of the 210 previous years represent a unique database exclusively available for the European Alps (Fig. 3) .
Discussion and conclusions
Very high resolution Köppen-Geiger climate maps ( Fig. 1 and 2 ) and their relationship with altitudinal belts (Fig. 3) were presented for the greater Alpine region. Although the most comprehensive observational datasets were used, and were combined with the best knowledge available concerning the environmental lapse rate, there is some potential for improvement. Advanced studies on the spatio-temporal variability of the observed and the projected lapse rate, as well as investigations concerning the precipitation-altitude relationships, may improve future Köppen-Geiger climate maps. Furthermore, improvements in the climate projections may be expected from the development of enhanced feedback mechanisms of changing vegetation caused by shifting climate zones.
Here, particular attention was paid to the timber line for which a 301-year time series was presented. When interpreting this time series, it should be noted that the mean altitudes are not comparable with regional altitudes of the timber line. As depicted in Table 3, there are significant regional differences between the Western Alps (5.5°-7.5°W, 44.5°-45.5°N), the Central Alps (9°-11°W, 46°-47°N) and the Eastern Alps (12.5°-14.5°W, 46.5°-47.5°N). The current altitude of the potential timber line in the Western Alps is approximately 280 m above the timber line in the Eastern Alps. Furthermore, from the 19 th to the 20 th century, the altitude of the tree line has shifted upwards by around 157 m. This upward shift in the Western Alps is 35 m While the 211-year observed time series of climate maps represent a unique dataset, a large variety of model projections may be calculated to represent the future climate. However, even the altitudinal difference between the timber lines in the best and the worst case scenarios, which is approximately 800 m, demonstrates that it is hard to make clear conclusions about the future climate of the Alps. These projections should thus be considered as an example. To investigate additional greenhouse gas scenarios or to apply ensemble predictions as demonstrated on the global scale by Rubel and Kottek (2010) is beyond the scope of this paper. However, recent model validation studies Torma et al., 2015) and ensemble prediction studies (Gerstengarbe et al., 2015) provide additional insights into this topic. Further applications of the Köppen-Geiger maps may include the investigation of local effects such as the extension of inner Alpine dry valleys. These valleys are arid because they are located in the rain shadow of the Alpine divide. Fig. 5 , a more detailed view of the projected climate maps for the period 2076-2100 (Fig. 2) , depicts two well known dry valleys for which the Köppen-Geiger classification identifies dry steppe climate. The first is the Aosta valley in Northern Italy, the second the Wallis in Switzerland. While for the best case scenario, the cold steppe climate (BSk) was exclusively identified in the Aosta valley, for the worst case scenario both steppe climates, cold (BSk) and hot (BSh), were identified in the Wallis, as well as in the Aosta valley. Other well known inner Alpine dry valleys resolved by the very high resolution Köppen-Geiger maps are located in northern Italy and include the Veltlin, the Vinschgau and the Eisack valleys.
The studies discussed above demonstrate possible applications of the very high resolution climate maps. Users are invited to draw their own conclusions by applying the digital datasets to their region of interest. Particular advantage is expected for biological studies which are assessing the relationship between the abundance of plants, animals or pathogens to past, present and future climates. Many of these studies may also benefit from the printed maps, avoiding the more expensive application of the digital dataset.
